Abstract-Optimization of the reverse osmosis process for concentrating fruit and vegetable juices has been studied. A method based on the solution of the coupled problem of hydrodynamics and mass transfer has been proposed. The study has been performed on a laboratory reverse osmosis unit. A universal realtion ω = Pe p /Pe 0 ≈ 3.5 valid for all types of juices used in the experiments has been obtained, at which the membranes have a maximum selectivity. The hydrodynamic regime of the reverse osmosis concentration of fruit and vegetable juices has been established. An equation for calculating the working pressure of the process has been proposed, and the results obtained have been discussed. Keywords: reverse osmosis, pressure-driven membrane processes, selectivity, average permeate flow rate, Péclet number, fruit and vegetable juices DOI: 10.1134/S2517751619040097
Concentration of various solutions is of great practical interest for many branches of the food industry. As the world and domestic experience shows, the most promising concentration method is membrane technology, which allows the process to be carried out at ambient temperature with a low energy expenditure and with minimal losses of valuable substances of the product [1] [2] [3] . In the case of concentration of fruit and vegetable juices, important problems that have not been solved to date are hydrodynamic regimes, membrane fouling and cleaning, energy costs, and types of membranes to be used [4, 6, 7] . Of course, the authors are aware that the successful implementation of membrane technology requires an integrated approach to solving all the aforementioned problems. Therefore, in this study we attempted to solve one of the problems, namely, the development of hydrodynamic regimes of the reverse osmosis (RO) concentration process. In this regard, the development of parameters for the process of RO concentration of fruit and vegetable juices, in order to achieve maximum permeability and selectivity of membranes, seems to be an imperative task. Analysis of research works in this area shows that almost all methods for optimizing pressure-driven membrane processes are aimed at reducing the effect of concentration polarization [4] [5] [6] [7] [8] , i.e. to reduce the thickness (δ) of the boundary layer, in which the concentration of the solution is higher than the concentration in the bulk. In our opinion, the most appropriate optimization method is the one based on solving the coupled problem of hydrodynamics and mass transfer in the process of membrane separation by reverse osmosis.
Studies to tackle this problem were performed on the laboratory reverse osmosis unit, the design and principle of operation of which are detailed in [9, 10, 13] . The media studied were ultrafiltration permeates of freshly squeezed beet, apple, and blackcurrant juices. The range of chemical composition of the media under investigation (amino acids, vitamins, carbohydrates, organic acids, mineral substances) covers almost all known types of juices [11] . The experiments were carried out with reverse osmosis membranes MGA-100P (asymmetric cellulose acetate membrane) and OFM-K (polyamide composite membrane) manufactured by Vladipor (Russia).
Preliminary studies have revealed [9, 11, 13] that the selectivity ϕ of RO membranes largely depends on the average velocity V of the permeate flow in membrane pores. In the absence of permeate flux through the membrane (ΔP = 0; V = 0), its selectivity tends to zero, since the steady state in the solution-mem- brane-permeate system cannot be established unless the concentrations on both sides of the membrane are the same, C v = C p (where C v and C p are the solute concentrations in the bulk of the feed solution and in the permeate, respectively). The concentrations are leveled off by diffusional transfer of solutes from the solution across the membrane. Selectivity drops sharply in the case of high permeate flow rates. Thus, it can be stated that there is an optimal permeate flow rate V ensuring the maximum selectivity ϕ of the membrane.
The pattern of the dependence ϕ(V) (Fig. 1 ) is determined by the hydrodynamic conditions upstream of the membrane (in our case, the stirring intensity) and the concentration of the juice under study. Reducing the stirring rod rotation speed n from 1000 to 100 min −1 at C = const shortens by approximately three times the length of the region with the maximum selectivity and significantly (by 3-8%) decreases the selectivity. An increase in juice concentration at n = const also leads to a reduction in the length of regions with maximum values of ϕ.
This behavior of ϕ(V) can apparently be explained by the nature of the mass transfer and hydrodynamics processes upstream of the membrane and in the membrane pores. It is obvious that the influence of the upstream region on the selectivity of the reverse osmosis membrane is associated with the effect of concentration polarization. A decrease or increase in the thickness δ of the region by varying the stirring speed leads to a more or less intense diffusional transport of solute molecules from the membrane surface into the bulk of the juice.
As is known, a measure of the ratio of molecular and convective transport of a substance in a flow is the Péclet number (1) where l is the determining size of the system and D is the solute diffusion coefficient.
It follows from the above that for the predominantly diffusional distribution of concentration in the layer upstream of the membrane, it is necessary to observe the condition under which the external Péclet number is Pe 0 = Vδ/D 0 < 1, where D 0 is the diffusion coefficient of a solute in the bulk of the juice.
In the membrane pore, the decisive role in selectivity belongs to the permeate flow rate, an increase in which weakens the diffusion flux of solutes in the pore and, accordingly, increases the membrane selectivity. Hence, it follows that for effective separation, the condition should be observed in membrane pores under which the internal Péclet number is Pe p = Vh/D p > 1, where h is the thickness of the active membrane layer and D p is the solute diffusion coefficient in the membrane pore.
The OFM-K; n = 100 rpm MGA-100P; n = 100 rpm OFM-K; n = 1000 rpm MGA-100P; n = 1000 rpm OFM-K membrane is achieved at Pe 0 ≤ 0.8 and Pe p ≥ 1.5, which correspond to the ratio of h/δ = 1.8-5.0. Table 1 lists the values of Pe 0 , Pe p , h/δ, and Pe p /Pe 0 that correspond to the conditions for the maximum selectivity of RO membranes at different values of juice concentration. In Eq. (1), it was assumed that h = 2 × 10 −4 m and D p = 0.5D 0 (which corresponds to approximately twofold higher viscosity of water in thin pores [13] ). It should be noted that these quantities have almost the same values for all the studied juices.
Assuming that the RO separation efficiency can be defined as the ratio ω = Pe p /Pe 0 , we have found that when the membrane reaches the operating mode with maximum selectivity, the universal ratio ω ≥ 3.5 holds, which is valid for all types of juices with a dry matter (DM) concentration from 5 to 45%. As ω increases, the domain of maximum values of ϕ expands and selectivity values become less sensitive to changes in the permeate flow rate V. The ratio of the internal to the external Péclet number reaches a value of ω = 4.46-5.2 (n = 1000 min −1 ). The drop in ω caused by the deterioration of mixing and an increase in δ leads to a decrease in selectivity, ω = 2.35-3.17 (n = 100 min −1 ).
However, as can be seen from Fig. 1 , the maximum selectivity of membranes is limited by certain values of velocity V, above which there is a sharp decline in ϕ. The values of ω in these regions of the dependence ϕ(V) become less than their optimal value of ω = 3.5, a change that is caused by an increase in the external Péclet number, whose values become greater than unity (Pe 0 > 1). We believe that the significant effect of concentration polarization under such RO separation conditions leads to a decrease in the thickness of the layer of bound water on the surface and in the pores of the membrane; solute molecules are carried away by the developed flow V into the membrane pores, thereby causing such a significant decrease in ϕ.
Using the obtained ratio ω ≥ 3.5, it is possible to determine the optimal flow rates of both the solution upstream of the membrane and the permeate in the membrane pores at which separation will be the most efficient (Table 2) .
In our case, the flow rate of the solution upstream of the membrane is characterized by a modified Reynolds number. (2) where d m is the diameter of the stirring rod and ν is the coefficient of kinematic viscosity of juice.
As can be seen from the obtained results, the range of optimal values of the permeate flow rate V substantially narrows with increasing concentration of the juice to be separated, which may be primarily associated with a more significant effect of concentration polarization with increasing C. The hydrodynamic regime upstream of the membrane should be a developed turbulent regime. 
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In order to attain the optimal values of the permeate flow rate V, it is necessary to determine the working pressure P that must be applied to the concentrated juice. Since that the optimal values of V (Table 2) actually lie in the region of Poiseuille permeate flow [10, 11, 13] and the RO driving force ΔР at high values of ϕ can be defined as the difference between the working pressure and osmotic pressure π [2] (3) the working pressure can be determined by the equation (4) where μ p is the dynamic viscosity coefficient of the permeate in the membrane pore, d is the membrane pore diameter, and π is the osmotic pressure of juice.
The values of the working pressure P calc calculated according to Eq. (4) and the experimental pressure P exp (Table 3) show satisfactory agreement; the discrepancy does not exceed 5%. The following values of the parameters were taken in the calculations by Eq. (4):
Pa s, h = 2 × 10 −4 m, and π as given in [4] .
Analysis of the results shows that when concentrating fruit and vegetable juices to a dry matter content of ≤30% DM, the working pressure for almost any of the test juices should be maintained within the range of P = 8.5-9.5 MPa, which will ensure high efficiency of the reverse osmosis process. When the juice is concentrated to a concentration above 30% DM, a much larger working pressure is required, reaching 12-15 MPa, depending on the type of juice. This circumstance, in our opinion, should be considered when developing It should be noted that to address the issue of reducing energy costs, it is necessary to continue research to determine the possibility of using more modern reverse osmosis and nanofiltration membranes for concentrating fruit and vegetable juices. 
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